-When previously sedentary men and women follow exercise training programs with ad libitum feeding, men lose body fat, but women do not. The purpose of this study was to evaluate whether this observation could be related to sex differences in the way energy-regulating hormones and appetite perception respond to exercise. Eighteen (9 men, 9 women) overweight/ obese individuals completed four bouts of exercise with energy added to the baseline diet to maintain energy balance (BAL), and four bouts without energy added to induce energy deficit (DEF). Concentrations of acylated ghrelin, insulin, and leptin, as well as appetite ratings were measured in response to a meal after a no-exercise baseline and both exercise conditions. In men, acylated ghrelin area under the curve (AUC) was not different between conditions. In women, acylated ghrelin AUC was higher after DEF (ϩ32%) and BAL (ϩ25%), and the change from baseline was higher than men (P Ͻ 0.05). In men, insulin AUC was reduced (Ϫ17%) after DEF (P Ͻ 0.05), but not BAL. In women, insulin AUC was lower (P Ͻ 0.05) after DEF (Ϫ28%) and BAL (Ϫ15%). Leptin concentrations were not different across conditions in either sex. In men, but not in women, appetite was inhibited after BAL relative to DEF. The results indicate that, in women, exercise altered energy-regulating hormones in a direction expected to stimulate energy intake, regardless of energy status. In men, the response to exercise was abolished when energy balance was maintained. The data are consistent with the paradigm that mechanisms to maintain body fat are more effective in women. acylated ghrelin; leptin; insulin; physical activity; body fat; food intake EVIDENCE FROM THE NATIONAL WEIGHT CONTROL REGISTRY shows the critical importance of regular aerobic exercise in maintaining lost body weight and body fat (25). On the basis of a strong body of data, the Institute of Medicine indicated that preventing body fat gain over time probably requires 60 min of physical activity per day (4). When previously sedentary individuals begin exercise training programs, however, fat loss is neither inevitable nor consistent across the sexes (11, 36). In general, men lose body fat when they undertake structured exercise training programs with ad libitum eating (9, 22, 36) . In contrast, women do not lose body fat in identical protocols (9, 22, 36) . For example, Donnelly et al. (11) reported that supervised aerobic exercise 5 days/wk for 16 mo lowered body fat and body weight in men who ate ad libitum. In contrast, there were no changes in body fat and body mass in women. These data are corroborated by similar studies showing sex differences in body fat loss or fat oxidation (19, 20, 36) . Taken together, these data suggest that during exercise training, men do not sufficiently increase energy intake to balance their new higher energy expenditure. In contrast, women more precisely match intake with expenditure and therefore maintain body weight and body fat.
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Sex differences in body fat loss in response to aerobic exercise may result, at least partially, from changes in key circulating hormones (e.g., acylated ghrelin, insulin, leptin, thyroid hormone, etc.) that mediate energy balance. Higher concentrations of acylated ghrelin and lower concentrations of leptin and insulin stimulate appetite, energy intake, and promote energy conservation (12, 47, 48) . The one prior study in which sex differences were evaluated showed that women, but not men, had lower fasting leptin and insulin concentrations (indicating greater stimulus to eat) after 12 wk of exercise training (21) . These data provide initial evidence that energyregulating hormones may respond more robustly to aerobic exercise in a direction expected to stimulate appetite in women compared with men. A more robust change in the hormonal response and appetite would be expected to increase energy intake and minimize body fat loss. To date, a systematic comparison of how the initiation of exercise training impacts key energy-regulating hormones and appetite in men and women has not been published.
A challenge to studying the effects of exercise on hormones that regulate energy intake and expenditure is to separate the independent effects of exercise from the potentially confounding influence of energy deficit. If energy intake is not raised to cover the energy costs of exercise, the resulting energy deficit induces potent hormonal/metabolic effects that overlap with the effects of exercise. For example, energy deficit raises circulating concentrations of acylated ghrelin and lowers insulin and leptin, all of which stimulate appetite and energy intake (15, 36, 38) . To tease apart the independent effects of exercise from energy imbalance, subjects must be studied in both energy-deficient (energy intake not raised to match expenditure) and energy-balanced (energy intake raised to match the new higher energy expenditure) conditions.
Because regular exercise training consistently results in greater fat loss in men than in women, the purpose of this study was to evaluate key hormone and appetite responses to exercise that may play a role in mediating this important sex difference. To accomplish this objective, previously sedentary men and women exercised on four consecutive days with energy added to the baseline diet to maintain energy balance, and on another 4 days without energy added to the baseline diet to induce an energy deficit. We hypothesized that 1) the hormonal response to exercise alone (energy balance maintained) would be potentiated by energy deficit, and 2) compared with men, women would have more robust hormonal and appetite responses in a direction expected to stimulate appetite and energy intake and suppress energy expenditure in both energy conditions.
METHODS
Overview. The effects of exercise on energy-regulating hormones and on appetite were assessed in adult humans. A counter-balanced, cross-over study design, in which men and women served as their own controls, was used (Fig. 1) . Concentrations of hormones related to the regulation of energy intake and energy expenditure and perception of hunger and satiety were measured in three conditions: 1) after a no-exercise day with subjects in energy balance, 2) after 4 days of daily exercise with energy added back to the baseline diet to match the higher expenditure and maintain energy balance (BAL), and 3) after 4 days of daily exercise without energy added to the baseline diet, so that subjects were in energy deficit (DEF).
Subjects. Eighteen (9 men and 9 women), previously sedentary (Ͻ1 h/wk of aerobic exercise), overweight, or obese individuals between the ages of 19 and 57 were recruited from the surrounding area (Amherst, MA) by flyers and advertisements (Table 1 ). All volunteers were in good health, disease-free, and weight stable for the previous 6 mo (Ϯ2 kg) as determined from a health-history questionnaire. Exclusion criteria included using tobacco products, following a very low or very high-carbohydrate diet (Ͻ30% or Ͼ70% carbohydrate, respectively), or habitually using antioxidant supplements (e.g., Vitamin C, Vitamin E, etc.) or anti-inflammatory medications (e.g., aspirin, etc.), lipid-lowering (e.g., statin drugs) or diabetes (e.g., metformin) medications. Men and women were excluded if they had had a body mass index (BMI) Ͻ25 kg/m 2 or body fat Ͻ20% for men or Ͻ25% for women. Seven of the nine women were on a triphasic birth control regimen that was maintained during the study. Women were tested in the early follicular phase (1 to 4 days after menstruation) of the menstrual cycle. The study was approved by the Institutional Review Board at the University of Massachusetts, Amherst, and written informed consent was obtained from all subjects.
Preliminary tests. Subjects completed a Physical Activity Readiness Questionnaire, a record of recent physical activity, and health history questionnaire prior to starting the study. Body composition was assessed by dual-energy X-ray absorptiometry (Lunar, Madison, WI) scan.
Peak oxygen consumption (V O2peak) was estimated using the Treadwalk test (34) . Briefly, subjects warmed up on a treadmill (Life Fitness 9100HR, Schiller Park, IL) for 5 min at a comfortable walking pace they could maintain for 15-20 min. After the warm-up period, subjects then walked at the same pace until one mile was completed.
Heart rate (Polar Electro A1, Woodbury, NY) was averaged during the last 2 min of the 1-mile test, and time to complete the 1-mile test was recorded. V O2peak was calculated using the equations developed by Pober et al. (34) , as previously described. The estimated V O2peak was used to set the appropriate workload during the exercise training (see Experimental protocol).
Daily physical activity was assessed during the intervention using an Actigraph monitor (Model GT1M; Actigraph, LLC, Fort Walton Beach, FL) using the Freedson kilocalorie equation (14) . The Actigraph was used during the exercise training conditions to monitor the activity of all subjects outside the laboratory. To help ensure accuracy, subjects were instructed to always wear the Actigraph on the right hip.
Energy intake and energy expenditure. We have previously described a similar protocol to accurately estimate energy intake and expenditure (3, 17, 18) . Prior to the intervention, all subjects completed a diet survey to provide an initial estimate of energy intake. Resting energy expenditure (REE) was measured in the morning after an overnight fast using open-circuit indirect calorimetry to estimate energy requirements. After 20 min of relaxation, subjects sat comfortably in a reclining chair for 15-20 min, while expired air was connected to an online metabolic system (Parvomedics Truemax 2400, Consentius Technologies, Sandy, UT). The measured REE was then multiplied by an activity factor from 1.3-1.4 based on habitual physical activity (as determined from the questionnaires) to estimate total daily energy expenditure for each subject. When energy requirements are estimated from REE using the appropriate activity factor, there is a strong correlation (r ϭ 0.73) with energy requirements calculated during 28 days of controlled feeding (24) . To ensure that all subjects consumed the appropriate number of kilocalories, all meals were provided throughout the study. The diet was composed of 50 -60% carbohydrate, 25-30% fat, and 13-20% protein and consisted of whole and frozen foods (e.g., cereal, bagel, fruits, vegetables, pasta, etc.). Subjects were asked to consume meals at a specific time of the day (breakfast, lunch, dinner, etc.). Subjects were instructed to consume all food provided and to return the used containers at the end of each day, including any uneaten food. All returned food was weighed and subtracted from the daily energy intake. Subjects were instructed to refrain from alcohol and caffeine throughout the intervention. Subjects signed a contract each day, indicating their continued adherence to the protocol.
Experimental protocol. Baseline testing ( Fig. 1 ) was done after a 24-h period in which subjects performed no structured exercise (i.e., no physical activity beyond daily living) and meals were provided as described above. On the morning of day 2, after a 10-to 12-h overnight fast, subjects reported to the Energy Metabolism Laboratory. They rested quietly for 15-20 min, completed an appetite questionnaire in the energy intake and energy expenditure section, and REE was measured as described. A catheter was inserted into a superficial forearm vein, and a fasting blood sample was taken, followed by a meal tolerance test (MTT). The meal consisted of a bagel with butter and a glass of orange juice. The energy content of the meal was 505 kcal and was composed of 65% carbohydrate (82 g), Fig. 1 . Overview of the study. MTT, meal tolerance test; REE, resting energy expenditure; DEF, exercise in energy deficit; BAL, exercise in energy balance. A washout period of 2 or 3 days separated the two exercise conditions. During the washout period, subjects were allowed to return to their normal daily activities but were asked not to exercise. After the washout period, the subjects returned to complete the second half of the study in the opposite condition (e.g., DEF 3 BAL or BAL 3 DEF).
All exercise bouts were performed in the Energy Metabolism Laboratory under controlled environmental conditions. Each exercise bout was conducted on a treadmill (Life Fitness 9100, Schiller Park, IL) at a moderate intensity (50 -65% of estimated V O2peak) until 30% of total daily energy expenditure was expended. V O2 was measured periodically to maintain the appropriate workload using open-circuit spirometry (Parvomedics Truemax 2400, Consentius Technologies, Sandy, UT). Subjects were allowed short breaks (1-5 min) during exercise as needed. After each exercise bout, subjects were given food for the day and returned the following day for the next exercise bout. On the 5th day of each condition ( Fig. 1 : days 7 and 12) after a 10-to 12-h fast, the MTT, appetite questionnaire, and REE were administered exactly as described for the baseline condition. Subjects completed a daily questionnaire to rate appetite (i.e., desire to eat, hunger, fullness, how much food can you eat) as previously described (42).
Hormone assays. Venous blood samples were collected in sterile syringes and transferred to precooled Vacutainers containing EDTA for analysis of acylated ghrelin, total ghrelin, insulin, and leptin. Plasma acylated ghrelin concentrations are unstable in untreated plasma because of the octanoly group at the serine-3 residue. To retard the breakdown of acylated ghrelin, EDTA Vacutainers were pretreated with aprotinin to a final concentration of 500 KIU and 50 l of 1 N HCL were added per 1 ml to acidify the plasma. Samples used for analysis of total thyroxine (T4), total triiodothyronine (T3), free T4 (fT4), and free T3 (fT3) were transferred to serum Vacutainers and allowed to clot for 10 -15 min. Samples used for analysis of plasma glucose concentrations were transferred to a Vacutainer containing sodium fluoride (to inhibit glycolysis) and potassium oxalate. All samples were centrifuged at (3,000 g) for 15 min, and plasma or serum was aliquotted into polystyrene tubes and stored at Ϫ80°C until analysis. Quantitative assessment of plasma concentrations of acylated ghrelin, total ghrelin, insulin, and leptin were determined by competitive binding radioimmunoassay (Millipore, St. Charles, MO). Concentrations of T4 and T3, and fT4 and fT3 were assessed by enzyme-linked immunosorbent assay (Diagnostic Systems Laboratory, Webster, TX).
Acylated ghrelin, total ghrelin, acylated ghrelin to total ghrelin ratio (AG/TG), and insulin concentrations were used to calculate area under the curve (AUC) during the MTT using the trapezoidal method.
Statistical analyses. Raw data are presented as mean (SD). A mixed-model three-factor ANOVA with repeated measures was used to determine (sex ϫ condition ϫ time) interactions for acylated ghrelin, total ghrelin, AG/TG ratio, and insulin in response to the MTT, and the appetite questionnaire. A two-factor repeated-measures ANOVA (sex ϫ condition) was used for REE, AUC, and fasting concentrations for all hormones. If sex differences did not exist for hormone AUC and appetite questionnaire ratings, a one-factor ANOVA was used for men and women independently. Concentrations of acylated ghrelin, total ghrelin, AG/TG, and insulin were not normally distributed, and so the values were log transformed before statistical analysis. Correlations were done between resting energy expenditure, exercise expenditure, body composition, appetite questionnaire ratings and acylated ghrelin, total ghrelin, insulin, leptin, T4, fT4, T3, and fT3 concentrations. By convention, significant differences were defined as ␣ Յ 0.05. When there were significant differences in the main effects of sex, condition, and/or time, a Fisher least significant difference test was used for post hoc analysis.
RESULTS
Exercise training. Energy status (DEF or BAL) had no effect on exercise heart rate, V O 2 , or energy expenditure ( Table 2 ). The relative exercise intensity (percent of maximal V O 2 ) during exercise was similar between men and women for both conditions (Table 2) . By design, each exercise bout comprised 30% of total daily energy expenditure (TDEE). Because the mean TDEE was higher in men than in women, the absolute energy expenditure for each exercise bout was also higher in both conditions (P Ͻ 0.05), but the fraction of TDEE was similar across sexes.
Energy intake, energy expenditure, and energy status. As designed, men and women were in energy balance during BAL and energy deficit during DEF with clear differences between the two conditions (Table 3) . In both sexes, energy intake was similar between baseline and DEF and was 30% higher during BAL to meet the 30% rise in energy expenditure (Table 3 ). The macronutrient composition of the diet as a percentage of total energy intake was consistent in all conditions because the absolute amounts of dietary carbohydrate, fat, and protein were all raised proportionally in BAL (Table 3) .
In men, body mass was slightly but significantly lower (P Ͻ 0.05) after DEF (80.7 Ϯ 9.5 kg) and BAL (81.0 Ϯ 9.4) compared with baseline (81.5 Ϯ 9.4). In women, body mass declined slightly from baseline (72.9 Ϯ 10.0 kg) in DEF (72.3 Ϯ 10.1 kg, P Ͻ 0.05) but not in BAL (72.6 Ϯ 10.0). (Table 4) did not differ across condition either in men or in women. The acylated ghrelin response to the MTT also did not vary by condition in men ( Fig. 2A) . In women, however, the acylated ghrelin response to the MTT (Fig. 2B ) was significantly higher after both DEF and BAL compared with baseline with DEF Ͼ BAL. Expressed as AUC, acylated ghrelin was elevated from baseline by 32% after DEF and by 25% after BAL (Fig. 2B) , with no difference between DEF and BAL. There was a significant main effect of sex (P Ͻ 0.05) when acylated ghrelin was calculated as a change from baseline, indicating that the change was significantly greater after DEF (P ϭ 0.042) and BAL (P ϭ 0.05) in women than in men (data not shown).
In men, total ghrelin in the fasting state was higher after BAL relative to baseline (data not shown). In women, total ghrelin in the fasting state did not differ between conditions (data not shown). In both men and women, total ghrelin concentrations and total ghrelin AUC were significantly higher (P Ͻ 0.05) after DEF and BAL compared with baseline (data not shown), and there were no main effects of sex in either total ghrelin response to the MTT or total ghrelin AUC.
To assess the relative proportions of "biologically active" to total ghrelin, we calculated the AG/TG ratio. In men, AG/TG response to the MTT and the AUC was not different between conditions (data not shown). In women, however, the AG/TG response to the MTT was elevated from baseline after DEF (P Ͻ 0.05) but not BAL, with no difference between DEF and BAL. Also, the AG/TG AUC was 21% higher (P Ͻ 0.05) after DEF and tended to be higher after BAL (ϩ11%; P ϭ 0.08) compared with baseline (data not shown). There was a significant main effect of sex (P ϭ 0.04), indicating that the AUC change from baseline was significantly greater in women than in men (data not shown). To try and account for the impacts of the clear sex differences in body composition and cardiorespiratory fitness on the acylated or total ghrelin responses, we repeated the statistical analyses using body fat, BMI, and V O 2peak as covariates. Using any of those characteristics as covariates did not alter the outcomes described above. Taken together, the data indicate that women had a more robust acylated ghrelin response after DEF and BAL, in the direction expected to stimulate appetite and energy intake.
In men, fasting insulin concentrations were not different between conditions but, in women, they were significantly lower after DEF and BAL compared with baseline ( Table 4) . The insulin response to the MTT and the insulin AUC (Ϫ17%) were lower after DEF compared with either baseline or BAL in men (Fig. 3A) . In women, the insulin response to the MTT was significantly lower after DEF and BAL compared with baseline, and DEF was significantly lower than BAL (Fig. 3B) .
Insulin AUC was 28% lower after DEF and 15% lower after BAL, compared with baseline, with a significant difference between DEF and BAL (Fig. 3B) . Although the pattern of insulin responses appeared to be different, there was no main effect of sex for insulin AUC. Using body fat, BMI, or V O 2peak as covariates again had no impact on the outcomes observed. The data indicate that in men, insulin concentrations after the MTT were lower than baseline in DEF but restored to baseline values in BAL. In women, however, restoration of energy balance did not fully reverse the effect of DEF to lower both fasting insulin and the insulin response to the MTT.
Fasting leptin concentrations were significantly higher in women than in men but were not different across conditions. In both sexes, fasting glucose concentrations, the glucose response to the MTT, and glucose AUC was not different (P Ͼ 0.05) across conditions (data not shown).
Hormones related to energy expenditure. In men, fasting total T4, fT4, total T3, and fT3 concentrations were not (Table 4 ). There was no statistical difference across conditions in women either, although mean concentrations of all four thyroid-related hormones tended to be lower after both DEF and BAL, relative to baseline (Table  4 ). There was no main effect of sex for total T4, total T3, fT4, and fT3 concentrations.
Subjective appetite response. Compared with DEF, men had a significantly lower "desire to eat" (Fig. 4A) , lower "hunger" (Fig. 4A) , and lower "how much food you can eat" (data not shown) ratings during BAL. There was no difference across conditions in "fullness" (data not shown). In stark contrast, women reported no difference in "desire to eat" (Fig. 4B) , "hunger" (Fig. 4B) , "fullness," and "how much food you can eat" (data not shown) in any of the three conditions. Despite these clear differences in the pattern of response observed across conditions, there was no significant main effect of sex or a sex ϫ condition interaction (P Ͼ 0.05).
Correlations. Body fat was strongly related to fasting leptin concentrations (P Ͻ 0.05; r 2 ϭ 0.87) in both sexes. There were no significant correlations between body fat and any other hormone.
In men, lower insulin concentrations were related to lower "desire to eat," "fullness," and to greater "hunger" after DEF (P Ͻ 0.05; data not shown). In addition, lower leptin was related to lower "desire to eat", "fullness," and to more "hunger" after DEF (P Ͻ 0.05; data not shown). Other correlations were weak and not significant (P Ͼ 0.05).
In women, there were no significant correlations between any hormone and any of the appetite ratings (P Ͼ 0.05). These data indicate that a decrease in the anorexigenic hormones insulin and leptin is accompanied by a decrease in appetite in men but not in women.
DISCUSSION
This study demonstrated a clear sex difference in the way exercise, with or without energy deficit, affected energy-regulating hormones and appetite ratings. In the current study, we showed that compared with men, women responded to the initiation of exercise training with higher acylated ghrelin and lower insulin, both of which would be expected to stimulate energy intake. This pattern was observed, though attenuated, even when energy intake was increased to restore energy balance. In men, however, the acylated ghrelin and insulin responses to the initiation of exercise training were less pronounced than in women. When energy intake was increased to restore energy balance, the effects of exercise were notably absent. There were also sex differences in the appetite response to exercise. In men, adding dietary energy to restore energy balance reduced appetite. In women however, the addition of dietary energy to cover costs of exercise had no effect on appetite. These results support our hypothesis that women, compared with men, have a more robust hormonal response in a direction expected to stimulate appetite and (possibly) energy intake. However, in contrast with our hypotheses, exercise with or without energy deficit, had no effect on resting energy expenditure, leptin, or thyroid hormones. A novel finding in the current investigation is the clear sex difference in how energy-regulating hormones responded to exercise. In women, concentrations of acylated ghrelin were higher (indicating more stimulus to eat) after exercise, regardless of energy status (deficit or balance). In contrast, we observed no change to acylated ghrelin in men. When scaled to total ghrelin concentrations, the AG/TG ratio was higher after the energy deficit condition (and tended to be higher after energy balance condition) in women, whereas there was no change in men. Acylated ghrelin, and not total or desacyl ghrelin, is widely recognized as the compound that stimulates energy intake because acylation is necessary to bind to the ghrelin receptor within the arcuate nucleus of the hypothalamus, hind brain, and other tissues (8, 16) . Acylated ghrelin concentrations have been measured in a few prior studies, and none have directly compared the responses in men and women. In the one published study assessing the acylated ghrelin response during and after exercise, Broom et al. (5) reported that a single bout of high-intensity exercise reduced the acylated ghrelin AUC in lean, active men (energy balance was maintained for a short period of time). Sex differences in total ghrelin concentrations were evaluated in only one other study related to short-term energy imbalance (15). Gayle et al. (15) reported that female rats had higher total ghrelin concentrations and increased food consumption after a 12-h fast compared with male rats. Others have found that exercise-induced weight loss increases total ghrelin concentrations in women (13, 28, 29) , whereas men have no change in total ghrelin concentrations after exercise-induced weight loss (37) . Our findings are generally consistent with, and extend the results of, those previous studies to show that regular exercise, regardless of energy status, changes acylated ghrelin concentrations in a direction expected to stimulate energy intake in women but not in men.
By design, we controlled energy intake and expenditure in the current study and so are unable to determine whether higher postmeal acylated ghrelin concentrations in women increase actual food intake. In other research studies, infusing acylated ghrelin into the peripheral circulation stimulated food intake (49) . In addition, fasting, which is associated with higher ghrelin concentrations, resulted in hyperphagia in animals (1, 45) . But to our knowledge, no studies have been published showing that variations in postmeal acylated ghrelin concentrations increases subsequent food intake.
Further supporting the sex difference in how exercise impacts energy-regulating hormones, circulating insulin concentrations also changed more dramatically in women. In women, fasting insulin and insulin AUC were lower (indicating more stimulus to eat) after the initiation of exercise training, regardless of energy status. In men, insulin AUC was lower after the energy deficit condition, but, unlike in women, insulin AUC was restored to pre-exercise values when energy intake was increased to maintain energy balance. These results are concordant with the one previous study evaluating sex differences in the insulin response to exercise (21). Hickey et al. (21) found that 12 wk of regular exercise, without a change in body fat or body mass, lowered fasting insulin concentrations by 19% in women. Exercise training had no effect on fasting insulin concentrations in men. Our results in men are consistent with other previous well-controlled exercise studies (3, 39, 40 ). In general, these studies showed that an energy deficit lowers insulin concentrations, and replacing the exercise energy expenditure to restore energy balance prevents this decline (3, 39, 40) . These data, combined with our finding that acylated ghrelin was higher after exercise in women, suggest that in women exercise alone (energy balance maintained) alters the hormonal response in a direction expected to stimulate energy intake, and an energy deficit potentiates this response. In men, however, exercise alone has no impact on energy-regulating hormones, and the effect of energy deficit is less pronounced than it is in women.
A lower circulating concentration of insulin, similar to leptin, is thought to stimulate energy intake because it is associated with an increase in neurotransmitters (e.g., neuropeptide Y, etc.) within the arcuate nucleus of the hypothalamus that are known to stimulate food intake (33) . The hypothesis is not supported by data, however. Recent results from Clegg and colleagues (6) showed that the central nervous systems of female rats were more sensitive than those of male rats to the effects of leptin, but not to insulin. To date, there are no published results showing that lower postmeal insulin concentrations stimulate subsequent ad libitum food intake. The lack of prior data limits our ability to infer that women would have increased actual energy intake in response to our exercise intervention.
In the current investigation, leptin and thyroid hormone (in particular T3) concentrations did not change in either sex in response to exercise. These results are in agreement with one (27) but not the majority of prior studies (23, 30, 35) . Loucks and colleagues (23, 30) showed that, relative to a no-exercise control, 24-h leptin and thyroid hormone concentrations were lower after 4 days of exercise-induced energy deficit in women. Because leptin and thyroid hormone concentrations have a diurnal variation (30, 31), we may have missed a change in these hormones by assessing a single fasting sample. In addition, the total amount of exercise energy expenditure may influence concentrations of leptin and thyroid hormone, and ultimately resting energy expenditure (23, 30, 35) . Hilton and Loucks (23) showed that 4 days of exercise (total exercise expenditure ϳ5,520 kcal), without a concurrent increase in dietary energy, lowered leptin and thyroid hormone concentrations. Similarly, Poehlman et al. (35) showed that thyroid hormone concentrations and resting energy expenditure were lower after 22 days of exercise-induced energy deficit (total exercise expenditure ϳ22,000 kcal). In the current study, the 4-day exercise energy expenditure was ϳ3,000 kcal in men and 2,400 kcal in women. Therefore, our exercise protocol may have been of insufficient duration and/or intensity to alter leptin and thyroid hormone concentrations or resting energy expenditure. Finally, it is possible that the sample and effect sizes were inadequate to the necessary statistical power to detect changes in leptin and thyroid hormone concentrations.
Similar to the effects of acylated ghrelin and insulin concentrations, we found that the initiation of exercise training affected subjective appetite ratings differently in men and women. In men, appetite ratings (e.g., "desire to eat," "hunger," and "how much food can you eat") were lower when energy intake matched energy expenditure, as opposed to when they were in energy deficit. In contrast, appetite responses did not decline when energy was added to replace exercise energy expenditure in women. "Desire to eat," "hunger," "fullness," and "how much food can you eat" ratings were not different regardless of energy state. These data are consistent with a recent study, in men, showing that appetite was reduced after a single bout of exercise when energy balance was maintained (5). However, our results are in disagreement with several previous studies that report regular exercise (1-9 bouts), with or without a concurrent energy deficit, does not affect appetite ratings in men or in women (41, 42) . A major distinction from our study is that in those experiments, energy intake was evaluated by self-report and appetite responses to exercise were assessed in subjects that ate ad libitum (41, 42) . Using self-reported intake from food diaries typically underreports energy intake (26) . To minimize the potentially confounding impact of self-reported data, we evaluated appetite responses to a systematic manipulation of energy intake and energy expenditure. Because we took great care to control energy balance (e.g., all food was provided, exercise was done under controlled conditions in the laboratory, etc.), we are confident that the reduced appetite response we observed in men when energy balance was restored is a true response to the intervention.
As mentioned previously, because we controlled energy intake and expenditure in the current investigation (both independent variables), we are unable to determine whether there are sex differences in actual food intake after exercise. In general, we saw no change in appetite ratings after several days of exercise in women, which is in line with previous studies (41, 43) . Stubbs et al. (43) found that raising energy expenditure with exercise for 7 days (expenditure ϭ 453 to 812 kcal/day) did not alter subjective appetite ratings in women. In that study, women increased ad libitum food intake to partially balance the new higher energy expenditure, even though appetite was not higher. In contrast, men did not change their food intake when energy expenditure was raised by the addition of exercise. To more fully understand the impacts of exercise and/or energy balance on the hormonal regulation of appetite and food intake, it will be important to assess all three as dependent variables in the same study.
Our data indicate that in men, the appetite response to 4 days of exercise is inhibited when energy intake is raised to meet the new higher energy expenditure. In women, increasing energy intake to maintain energy balance did not inhibit appetite. However, in women, given our relatively small sample size, we may not have been sufficiently powered to detect a significant difference in appetite.
By virtue of our study design, we are unable to determine the relative contributions of energy or carbohydrate deficit to the hormonal and appetite changes observed. A main goal of this study was to determine the interactions between energy status and exercise on hormones that regulate energy intake and expenditure. Because we kept the macronutrient composition constant in all 3 conditions (ϳ55-60% carbohydrate, ϳ25-30% fat, ϳ15% protein), when energy was restricted, subjects were also in a "carbohydrate deficit" relative to the BAL condition. In men, carbohydrate intake was 4.4 g/kg body mass in DEF vs. 5.7 in BAL, and in women, it was 4.0 g/kg body mass in DEF and 5.3 in BAL. In addition to the differences in carbohydrate intake between conditions, the carbohydrate intake (in absolute terms) was also higher in men because they weighed considerably more than the women. In some studies, ghrelin and insulin concentrations were more responsive to changes in dietary carbohydrate than to changes in energy intake per se (38, 44) . Therefore, it is possible that more dietary carbohydrate, not more energy, blunted or negated changes in acylated ghrelin and insulin concentrations in men in both conditions (deficit and balance). Because neither carbohydrate intake nor energy intake were correlated with any hormone we measured, we cannot rule out either of them playing a role in the observed sex differences.
Regular exercise can reduce body fat directly by increasing energy expenditure to generate an overall energy deficit. When energy intake is raised to compensate for exercise energy expenditure, however, body fat is maintained. Previous studies suggest that with the initiation of exercise training, women match the new higher energy expenditure by raising energy intake or have no change in postexercise fat oxidation (19, 20) , and therefore do not lose body fat (11, 36) . In contrast, men lose body fat because they do not sufficiently raise energy intake to match the higher exercise energy expenditure (11, 36) . Potteiger et al. (36) reported that supervised aerobic exercise performed 5 days/wk for 9 mo lowered body fat and body weight in men who ate ad libitum. In stark contrast, there were no changes in body fat and body mass in women. In the current study, the observed sex difference in energy-regulating hormones and appetite may explain, at least partially, the sex differences reported for energy intake and body fat loss in response to exercise training reported in previous studies. The real-world impact of these male-female differences in hormones that regulate energy intake will depend upon if/how these effects manifested over time. The hormones that regulate energy intake respond quickly to alterations in energy status, well prior to measurable changes in body fat (3, 18, 38) . If the hormonal pattern of changes that we observed is maintained over time, body fat loss may be accentuated in men compared with women.
In women, better matching of energy intake to demand in response to a metabolic or physiological challenge may be driven by the critical relationship between energy balance and reproductive success. Energy deficiency, with or without exercise, suppresses ovulatory cycles, inhibits gonadotrophinreleasing hormone secretion, reduces pulsatility of luteinizing hormone, and stops copulatory behavior (2, 10, 31, 46) . In women, higher acylated ghrelin and lower insulin concentrations in response to elevated energy expenditure may be some of the mechanisms in place to defend energy balance and preserve reproduction function. Surprisingly, few data exist supporting the role for ghrelin and insulin as primary signals in reproductive function (6, 32) . Martini et al. (32) observed that desacyl ghrelin, not acylated ghrelin, inhibits luteinizing hormone secretion. Recent data from Clegg and colleagues (6) show that male rats decrease food intake in response to insulin administration. In females, however, insulin had no impact on food intake. It is likely that the relationships between insulin, and possibly ghrelin, on reproductive function are related to their roles as indicators of energy availability rather than as primary reproductive signals (46) .
In the current investigation, to control for the menstrual cycle phase, the majority of women were on hormonal contraceptives. It is possible that changing concentrations of progesterone and estrogen across the menstrual cycle phase may have impacted the results of this study. We tried to limit this potential confound by women starting the intervention in the early follicular phase of the menstrual cycle during the pill-free week. In a recent study in normal menstruating women not on hormonal contraceptives, Dafopolous et al. (7) showed no change in acylated ghrelin concentrations across different phases of the menstrual cycle. However, the results of this study may be specific to women on hormonal contraceptives and are not generalizable to women not on these contraceptives.
In the current study, we did not match men and women for body composition or cardiorespiratory fitness. Doing so would minimize the real-world relevance of the results because, in general, those differences in body fat and cardiorespiratory fitness are true sex differences. It is possible that the malefemale differences we observed in energy-regulating hormones may be related to lower fitness level and/or higher body fat in women. However, all of the correlations between V O 2peak or body fat and any hormone we measured were weak and nonsignificant. In addition, when we used V O 2peak and body fat as covariates, the changes in acylated ghrelin and insulin concentrations persisted. These analyses suggest that the observed sex differences in energy intake regulating hormones are a true response to the intervention and not confounded by differences in subject characteristics. Still, it remains that the less physically fit women might simply have exerted themselves less and, hence, recovered more rapidly.
Another limitation of the present study is that we measured only a few of the hormones that are known to regulate energy intake and energy expenditure. Clearly, other hormones (e.g., cholecystokinin, PYY , and glucagon like peptide-1) and other factors (e.g., behaviors not under direct hormonal control) that we did not measure are also involved in the regulation of energy intake, expenditure, and appetite. The present study was focused on circulating factors that have strong support in the literature as major players in the regulation of energy balance. Clearly, there is much more work that can be done in this area, both at the molecular/cellular (binding of hormones in the arcuate nucleus of the hypothalamus, hindbrain, etc., paracrine effects of peptides that cannot be measured appropriately in the general circulation), and behavioral (role for social cues, environmental context) levels.
Perspectives and Significance
In summary, we observed a clear sex difference in the way exercise alters hormones and appetite related to energy intake. Women had a more robust hormonal response to exercise in a direction expected to stimulate appetite and energy intake, regardless of energy status (deficit or balance). In men however, the hormonal response to exercise with concurrent energy deficit was more subtle than it was in women, and it was completely reversed when energy balance was restored. This sex difference in the regulation of energy balance has implications both for our understanding of basic human biology (e.g., defending body fat for reproductive success in women) and in terms of exercise and dietary recommendations for the lay public. Anecdotally, there is a consensus in the scientific community that women may need both to increase energy expenditure and decrease energy intake to achieve body fat loss. The results of the current study suggest at least one potential biological explanation.
